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\ ABSTRACT 
I 
An experimental study ha« been made of the effects 

of uniform air injection into the turbulent boundary layer flowing 

on an axial circular cylinder with a nominal free stream velocity 

of 120 feet per second.    The blowing rate parameter divided by the 

free stream flow rate varied from 0 to 0.00021 while the Reynolds 

number based on free stream conditions varied from 4.0 x 10    to 

10.6 x105. 

The data for velocity profiles were inserted into the 

momentum equation and the distribution of turbulent shear stress 

and eddy viscosity   was   obtained.    The correlation of eddy viscosity 

with both Reynolds number and injection rate was obtained by dividing 

by the product  of the maximum shear stress velocity and boundary 

layer thickness.    Furthermore,   the results for the universal velocity 

profile correlate better when the maximum shear stress velocity is 

used rather than wall shear stress velocity.    When some of the 

results are compared with previous experiments,   the use of the 

maximum friction factor rather than wall friction factor in the 

blowing rate parameter produces better correlation between these 

various experiments. 
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NOMENCLATURE 

c friction coefficient,    T / —    p     u 
£ c. CJ    CO 

F p     v    /p     u     - normalized injection rate rw    w     oo   oo 

R radius of the model 

r radial distance,   R + y 

P pressure 

ui ur axial velocity;   u^^/Cf   /2      .   M/S*C 

max 

v radial velocity 

axial distance 

y radial distance from the boundary 

+ 
v y UT 'max -i-—'max 

+ 
u max 

/,y   £iJ_ 

JO      Poo". 
(|)  ^y 

oo   oo 

/8 f£^_2   ,1,    dy 
•X)     p     u 

OO     CO 

U kinematic viscosity 

p density 

9 momentum thickness 

8* displacement thickness 

8 velocity boundary layer thickness,    8 (-99) 

^ [finJ"!    /   [^ff"]   . injection rate parameter 



VI 

c _      max    ,   dimensionlesfl 
'fmax . 

- p     u 
2   oo   oo 

= vertical distance,   inches 

R=        -22    ,   dimensionless;      ü     =1.733x10*       ft_ 
12 u^ ^ sec 

Du/Dy = velocity slope,   l/sec 

a(x,y)=    T T^ir    (i) dy, incheB 
T)     pc»   oo 

/9{x,y)=      j^       pU 2 (|)dv.   inches 

P     u 
oo   oo 

y/j. ,  y/ A*,   dimensionless 

^7^ 'where ^= l"2413 x 10"5   ^'dimen8ionleB' 

* 
uT      =uT /      */ptp»       •   (ft/Bec) 

vu — 
+* '    Tmax 

y       = U ft    /P(y) 
,   dimensionless 

03 

u    = u/uT  ,   dimensionless 

u        (l-u/u    ) 
ii.ni -     -22 ~22_    ,   dimensionless 



Vll 

„, u     (1-u/u   ) 
it       \ CO CO 
(l-u>    =       j    ,   dimensionless 

R* 
cx> 

12 /i«/p(y) 
>   dimensionless 

C  /2 =    T(y)p     u        ,   dimenBionless 
t oo   oo 

c = 
du/dy 

V   ,   eddy viscosity 

Ibm 

du/dy 
(M +<JI ).   rTT-      •   a total viscosity ~      H-      ft/sec ' 

*   /MU =    '—/a,      ,   dimensionless 
T T   ^oo 



«jS* 

SUBSCRIPTS 

w M, all value 

oo freestream value 

max maximum value 



I.    INTRODUCTION 

In the recent year., there has been intereet in providing 

means for thermally protecting a surface over ^hich a hot fluid 

passes.    Distributed injection of a secondary fluid into a boundary 

layer,  a process usually referred to as a transpiration cooling, 

alters the temperature and velocity profiles of the boundary layer. 

The profile modifications result from changes in the surface boundary 

conditions.    The velocity component normal to the surface does no 

longer have a zero value,   and it can be controlled to produce varying 

effects by altering the injection rate of the secondary fluid.     In order 

to fully understand a mass and heat transfer process in this situation, 

it is first necessary to understand tl c details of the fluid process. 

Extensive studies of the laminar binary boundary layer 

have been made on both the fluid dynamic and heat transfer effects 

of transpiration cooling owing to the injection of either the mainstream 

gas or a foreign gas through a porous surface.    However,  transpiration 

cooling in a turbulent boundary layer has proved to be a far more 

formidable problem.    The available,   semi-empirical analyses remain 

largely unchecked due to lack of experimental data. 

\ research program was  initiated at the Heat Transfer 

Laboratory of the University of Minnesota to obtain meaningful 

experimental data,   references (1),   (2). *   In (1) air was used as an 

injected fluid,   while in (2) helium was used as the secondary fluid. 

* Underlined numbers in parentheses refer to the listing in the 

References. 
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In both cases,   the mainstream fluid was air.    Due to an improved 

data reduction technique developed in (2),   the present investigation 

is concerned with obtaining the most suitable parameter to correlate 

the data. 

The test model was a porous,   2-inch diameter, 

circular cylinder aligned with its axis parallel to the flow  direction. 

Measurements were made of the distribution in total pressure 

adjacent to the cylinder.    Traverses were made at the four 

locations of 6,   10,  14 and 18 inches from the leading edge of the 

porous  section at a nominal freestream ve'ocity of 112 feet per 

second.    The  Reynolds number,   based on freestream conditions, 

5 5 
varied from 4 x 10    to 10.6 x 10   .    The three different injection 

ratios that were taken into account were p     v    ^P _ u_  = "• 

0.00087 and 0.0021.    Temperature and therefore density were 

assumed constant throughout the boundary layer because of low 

mainstream velocity and also due to the fact that the injected 

fluid was maintained at room temperature. 

The present representation will mainly be concerned 

with the discussion of experimental techniques and both graphical 

and tabular presentations of results.     Extensive data interpretation 

and analyses will be summarized in a forthcoming report. 
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More detailed description of works done in the field 

of transpiration cooling in turbulent boundary layer by the various 

investigators can be found in {Z).    Because the present report is a 

continuation of the studies made in (2),   further discussion of it here 

is not felt necessary. 

II.    EXPERIMENTAL APPARATUS AND INSTRUMENTATION 

Experimental Apparatus 

The measurements were carried out in the low   speed 

wind tunnel of the Heat Transfer  Laboratory,   Mechanical  Engineering 

Department,   University of Minnesota.     The test section of the wind 

tunnel is  12 inches high,   24 inches wide and 30 inches long.     The 

freestream velocity is nominally 120 feet per second.     All measure- 

ments were made running closed circuit.    The test section turbulence 

level was about 0.4%.    Further details  regarding tunnel construction 

and operating conditions may be found  in (3). 

The model which consisted of porous cylinder  is  shown 

in Fig.   1,   and was made by the  Aircraft Porous Media,   Glen Cove, 

New  York.     It was formed by two woven wire screens     with   mesh 

counts  50 x  300 and 12 x 64 per  square inch respectively.    The 

coarser  screen was sandwiched between the finer one     in heated 

calenders.     The final sheet was  rolled and   sintered to a thickness 

of 0.032 inch.     When viewed through a  steromicroscope,   the  surface 
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roughness produced by the  9int«r«d wires appears as triangles of 

approximately 0  005 inch to the  side with a slightly smaller depth. 

The sintered    sheet was finally rolled into a circular cylinder of 2.0 

inch nominal diameter.    The actual variation of the diameter is shown 

in Fig.   2a.     Welding of the  seam  resulted in a solid strip along the 

cylinder approximately 1/8 inch wide.    The porous section of the 

cylinder is 23.5 inch long fitted with an ogival nose piece and joined 

to an afterbody of same diameter.    These three pieces were held 

tightly     together by a center bolt.    The permeability of the woven 

wire  surface proved to be very non-uniform.     Therefore,   the    inside 

of the porous shell was lined with approximately  30 layers of dense 

fiberglass filter paper to a nominal thickness of 0. 35 inch (Fig.   1). 

This  inner liner increases the pressure drop per unit flow  rate of 

injected fluid and evens out any non-uniformities  in the permeability, 

thus  generating uniform injection  rate.    To check this,   air was 

pumped through the model.     A circular collector,   with an internal 

diameter of 0.25 inch was  firmly pressed against the outer surface 

of the model at random locations.    A volumetric analysis of the 

results  reve .led that the flow  rate was uniform over the entire model 

with exception of the welded seam to within ±4%,     However,   this figure 

is only qualitative since the permeability variation depends on the 

size of the  sample used in the measurement. 
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At the downstream end of the model,   a 0.5 inch,   slightly 

flattened pipe enters and runs axially inside the model,   ending near 

the end of the porous section of the cylinder (nose of the model). 

Several 1/8 inch holes were drilled into the walls of this pipe. 

The purpose of the pipe was to keep the flow uniform inside the 

model. 

The afterbody of the model was firmly clamped to the 

wind tunnel  floor.    The sling was connected through adjustment 

screws bolted to vibration pads,   which were anchored to the floor. 

With this installation,   "ibration of the model was  reduced to a 

minimum.      By visual observation through a cathetometer,   it was 

found that the vibration,   10 inches downstream of the nose  piece,   was 

less than 0.001 inch in amplitude. 

Total Pressure Probe and Traversing Mechanism 

An impact pressure probe was used to determine the 

velocity distribution in the boundary layer.    The probe  senses the 

dynamic head in the boundary  layer at the location of its tip.    At 

the same longitudinal  location,   but  in the freestream,   a  static- 

pressure probe is attached to the  stem of the probe and measures 

the static pressure.    The total pressure probe tip (see Fig.   i) was 

made from 0.035 inch O.D.   stainless  steel,   hypodermic tubing, 

flattened to a 0. 003 inch by 0. 045 inch opening and honed  smooth. 

The response time of the probe tip-manometer combination was 

less than 10 seconds. 



The probe was attached to a sliding carriage centered 

over the test section of the wind tunnel.    A micrometer head was 

mounted on these carriage tracks to provide longitudinal and 

vertical positioning of the probe for measurements along a vertical 

plane at the top 01 the test model in the region extending from the 

leading edge of the porous  section to the trailing edge. 

Manometer and Cathetometer 

A 12-tube manometer bank equipped with a large  reservoir 

sensed the pressure.     The manometer fluid used was a red gage oil. 

The specific gravity  (nominally 0.826) was measured with a p>cnometer 

at  several temperatures.     An average straight line was drawn through 

the data points for calculation purposes.    The meniscus of the mano- 

meter fluid was well  defined when the tubes were illuminated from 

behind by a fluorescent light.    Between the light and the manometer 

bank,   a translucent paper was mounted to prevent the fluid from 

warming up due to the light and to provide a diffuse light   .ource. 

The  relative position of the meniscus was measured 

with a Gaertner cathetometer  capable of being read to* 0. 0001  inch. 

Secondary Flow 

The secondary flow was delivered at about 100 psig from 

the building air supply.    The air line was connected to the experi- 

mental  set-up through a pressure regulating valve which cut down 
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any pressure fluctuations by a factor of 1/10.    The flow then passed 

through a volumetric gas meter and discharged into the inlet tube 

of the model.    The injection flow   rate was determined by measuring 

the time a known volume flow  rate passed the flow meter.    At the 

same time,   the mean fluid pressure and temperature was measured 

at the inlet of the flow meter to provide data for the determination 

of the injected fluid density.    The flow meter was made by the 

American Gas Company,   Type  80B.     A 0-60 psig Heise pressure 

gauge was used to measure the injected fluid pressure. 

III.    EXPEP.'MENTAL RUNS AND EVALUATION 

Model  Alignment 

An alignment probe was used for checking rotational 

symmetry of the flow around the model.     When mounted on the 

model,   the tip of the pitot tube was at a fixed distance of about 

0.050-inch from the cylinder's  surface.    This constant height 

probe was kept al a fixed axial distance and rotated around the 

cylinder.    The boundary layer trip wire was not attached to the 

model because the laminar boundary layer is more  sensitive to 

misalignments than is the turbulent boundary layer. 

The constant height probe was then used to obtain 

information regarding the  symmetry of the flow  in the boundary 

layer.     At each of the axial  locations x =  2,   6.5,   11,   17  inches. 
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readings of the probe (Ap) were recorded at regular angular intervals 

of 45° around the model circumference.    The dynamic head (Ap)^ = 

(u/u    )2 was computed at 8 points around the cylinder circumference, 
oo 

at each of the axial locations mentioned above. 

The model orientation was then adjusted so as to minimize 

the pressure peaks and valleys.    The results of the adjustment are 

shown on Fig.   4.    The model is not quite straight  (Fig.   2) and due to 

geometrical assymmetries the final non-uniformities seemed to be 

reasonable. 

After the model  had been aligned parallel to the flow 

direction,   the experimental data were taken.     Twelve velocity 

profiles were measured ^.together.    At a given injection rate,   the 

profiles were measured at four longitudinal locations four inches 

apart.     The first location was  six inches downstream of the start 

of the porous test section.     When setting the probe to its initial 

position at the beginning of each velocity profile,   the probe was 

first advanced until  its tip was in good contact with the wall.    Then, 

while moving upward from the wall,   electrical contact was monitored 

by means of an ohm meter.    This procedure was  employed in order 

to eliminate any backlash in the micrometer head  screw advance. 

The barometric pressure was measured before and after each  run 

of four profiles (fixed injection rate).     All the profiles were taken 

over a period of fourteen hours. 
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Governing Equations 

The equations of continuity and momentum in cylindrical 

coordinates become,   when all second order terms have been 

neglected, 

-    I-   (pvr) +   |-   (pu) = 0 , ( 1 ) 
r    9r 9x 

9u 3u 9p    ,    9'r     .       _/ i  y \ pu-T-+pv—  =--rl:+-r—   +       T/r (2) K      9x 9r 9x 9r 

By integrating these two equations and substituting v from 

the continuity equation in to the momentum equation,   there is 

9p n obtained,   after some manipulations,   considering that    g      ~    0 

P..   v. r ** r^wwlful 
2 

P        U P        u CD      OÜ 
rCD      OO OO      OO 

,   d 

a    L   J0    PCD    oo oo UKao    oo 

In this equation,   subscripts oo and   w    are,   respectively,   the free- 

stream conditions and the conditions at the wall;    R    is the radius 

of the cylinder and    r    is the radial distance,   R + y.     T^ can be 

found by integrating this equation out to the freestream and applying 

the freestream condition that    ^     = 0    (or   TT"  = 0^ 
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This gives 

o     v 
, 2        do K\v    w 

c.    /2 =   T   /p     u       =   —-    -    ■— 
f w     oo    c» dx p     u 
w CO     CD ( 4  ) 

• CD 

'n       P    u 
V CD        CD OO 

where   e   = f       -&— (l-'^X^dy (5) 
^ri P     u u R 

is the momentum thickness. 
i 

The dimensionless universal turbulent velocity   u    and 

+ 
distance    y       are  given by 

u     = u/    T   /p    ) ; y     = y( T   /p    )      /   u 
w     oo w     oo       /        c ( 6 ) 

u+ = u/(T        /p   )1/2 y+        = y(T /p    )in/v ( 7 ) 
max max    oo ; 'max max    oo oo 

With 

•y 
a<x'V^      /0 p-^T       (l)dy; ,8) 

w
 raD    ao 

/3{x.y)= r -^-y   (^)    dy (9) 
*J «     ii P     u 

oo    oo 

Equation (3^ becomes 

r                     ,, Pw     w .   u     . .    dfl           u         dP 
(c  /2)    ( - )   =   c     /2 + —- (  -  ' + 5f    *   T"     die                 (10 ) 

w oo    oo              oo                                 CO 
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Data Reduction 

The reduction of the experimental measurements and 

evaluation of the results were carried out on Control Data 1604 

digital computer at the Numerical Analysis Center,   University of 

Minnesota. 

Each set of data (one velocity profile) was fed 

successively and all results  stored until all four profiles for that 

given injection had been calculated.     The velocity was calculated 

from the following equation: 

u = 18.287. /^h*s-G      ^**c n> S 
where 

Ah = measured deflection in manometer in 
inches of manometer fluid 

S. j = specific gravity of the manometer 
fluid = 0. 850-0. 0004 T0F. 

The density was calculated using the perfect gas law 

equation.     The temperature was assumed uniform across the 

boundary layer and was measured in the freestream with mercury 

thermometer. 

Certain properties of the boundary layer can be deducted 

from the velocity profiles 

8 (.99) = the velocity boundary layer thickness where 
u/u     = 0.99 

oo 
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8* = the displacement thickness 

n Li' - MI -v, 
CO 

( 12 ) 

0= th e momentum thickness 

.00 

,       -    0   -    -   )     i    dy 
0    aco uoo R I (13 ) 

The boundary layer thickness was determined by fitting a 

least squares,   second-degree polynomial through four velocity ratio 

points with two points on each side of the value .99 and then evaluating 

y at this value of u/u    . 
CD 

The displacement and momentum thickness integrals 

were evaluated numerically by fitting a second-degree polynom.al 

through five adjacent values of the integrand and then integrating 

over an interval between two points in the middle of the range. 

This was done successively for each y-location and the integral 

accumulated.     For the first two intervals adjacent to the wall,  the 

three lowest values were used in addition to the fact that the inte- 

grands are Zero at y = 0 and the second-degree polynomial was 

integrated up to the second measured point. 

The wall shear stress can be calculated from the 

following equation: 

Cf   /2 =   J^ fw dx 

P     v w    w 
P     u 

GO     QO (   14   ) 
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The friction factor can be determined by differentiating the 

momentum thickness with respect to x,   once the momentum 

thickness has been determined. 

In the experimental set-up,  the trip wire was located 

1. 5 inches ahead of the origin of the porous  section of the cylinder. 

In order to determine the virtual origin,   x   ,   of the boundary layer, 

a "French Curve" was used to extrapolate boundary layer,   displace- 

ment,   and momentum thickness to zero,   and the value x    =1.6 inches o 

was found.    A least squares,   straight line was made of the momentum 

thickness 0 versus (x + x   ) on a log-log scale.    The distance   x   is 
o 

measured from the origin of the porous section.    When this least 

squares fit was differentiated with respect to   x   and applied to 

Eq.  14,   the wall  shear  stress can be found.     By using this value of 

the wall  shear  stress,   u+ and y+ could be determined from Eq.   (6). 

The values for    a(y) and     /9(y) were calculated using 

procedures similar to that of calculating the momentum thickness, 

except these values were stored for each value of y.    For the various 

axial locations,   the measured quantities were not obtained at the 

same radial locations.     In order to be able to differentiate the 

quantities a and   ß  at constant    y,   a polynomial interpolation scheme 

was necessary such that these quantities could be obtained at any    y 

location. 
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The central difference technique was used in order to 

obtain the  shear  stress distribution at stations x = 10 inches and 

x = 14 inches.     First the values of a and ß   at the stations on each 

side of the middle station were interpolated at the same    y   values 

as the middle station.    Then least squares curves of the form 

a     = A (x + x   )    1   and ß  = A   (x + x   )   2   were fit through three 

points at a given    y   location.     By differentiating these curves and 

applying the result at the middle station,   the local friction factor 

could be obtained from Eq.   (10). 

The  shear stress at any point in a turbulent flow  can be 

related to the velocity gradient by means of a diffusivity for 

momentum transport,   or eddy viscosity,   «   ,   defined by the 

equation 

T =   ^(u + «) ^- ( 15  ) 

The distribution of eddy viscosity was found by fitting a least squares, 

second-degree polynomial through five points of the velocity,   then 

differentiating,   and applying the result at the mid-point. 

Hinze (4) obtained the following correlation for the eddy 

viscosity in a circular tube and boundary layer with no injection 

which was independent of Reynolds number; 

■üfr =     »(y/8) (16 ) 



- 15 - 

where uT     is the shear stress velocity based on the wall shear 

stress.    In the case of injection,   the maximum value of the shear 

stress occurs in the flow due to the fact that the injection reduces 

the wall shear stress value as can be seen from Eq.   14.    Thus,   in 

a small region adjacent to the wall,   the shear stress is reduced due 

to this fact.    It is therefore reasonable to use the maximum value of 

the shear stress velocity rather than a wall value when correlating 

the eddy viscosity in flow with injection through the boundary wall. 

Similar reasoning applies to the  shear  stress value which is used 

+     u +     y  U
T       .       L in the Uw of the wall variables    u     =   —    and y    =    ' v   '    and in the 

defect law variable (u -u)/uT     .    These variables are therefore 
max * 

calculated also using the maximum shear stress value u T max 

V.    PRESENTATION OF RESULTS 

The normalized velocity profiles are represented 

in Figs.   5,   6 and 7 as a function of normalized distance y/    S(.99). 

On each figure  (for a given injection rate),   the profiles are plotted 

for the four axial  stations 6',   10",   14" and 18" downstream of the 

origin of the porous section.    On Fig.   7 a comparison with Tewfik 

(1) is made for same   injection rate. 

A cross plot of the velocity profiles are represented 

in Fig.   8,   with parametric values of injection rate.    Here the lines 

represent the average line through the points shown on Figs.   5,   6 and 7. 
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The velocity defection from freestream value is 

represented in Figs.  9,   10 and 11 as a function of log (y/ S   )•    It 

can be  seen from these figures that more than 90 per cent of the 

boundary layer has a similarity as the flow pasees  down the model. 

Only in a small region adjacent to the wall is there an actual 

variation in velocity occurring as a function of axial  distance. 

Fig.   12 shows the same velocity representation but now at a given 

axial position and for parametric value of injection rate.    It is 

observed from this figure that the velocity defects more from the 

freestream with increasing injection and this  is especially true in 

the middle of the boundary layer. 

The boundary layer thickness is  represented in Fig.   13 

as a function of the axial distance for the various injection rates. 

Inspection of the figure reveals that the boundary layer thickness 

increases as the injection rate increases.    This increase is as 

much as  30 per cent at highest injection rate. 

Comparison is made with previous work done for air 

injection  (2) and in addition with Tewfik's data  (5).    The agreement 

is  satisfactory.    The displacement thickness ard momentum thick- 

ness are  shown in Figs.   14 and 15.     They show  similar trends as 

the boundary layer thickness.     The dashed lines on the figures are 

the faired curves through the calculated points for no injection.     It 

can be seen by inspection of the figures that when extrapolated down 

to zero,   the origin of the boundary layer is found to be 1.6 inch 
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upstream of the origin of the porous section,   and 0.1 inch upstream 

of the trip wire. 

The wall friction coefficient is represented in Fig.  16 

versus Reynolds number based on the distance from the virtual origin 

of the boundary layer and for parametric valueßof the injection rate. 

The unshaded points represent results obtained by differentiating 

the momentum thickness and substituting into Eq.   (14) while the 

shaded points represent results obtained from Eq.   (10) when evaluated 

in the freestream.    Inspection of the figure reveals that the wall 

friction coefficient reduces with injection rate and in addition the 

effect of Reynolds number becomes more pronounced as the 

injection rate is increased. 

The friction coefficient distribution is  represented in 

Figs.   17 and 18 as a function of y/S    for station x = 10 inch and 

14 inch respectively.    On each figure the distribution is  represented 

for the various  injection rates. It can be seen from the figures that 

the maximum friction factor does not occur at the wall when secondary 

flow is present.     In addition,   the magnitude of the maximum value 

does not change much.    Furthermore,   the figures  reveal that the 

maximum friction factor moves away from the wall as the injection 

rate is increased. 

Representation of the "law of the wall" variables ' ased 

on the maximum shear  stress velocity is lepresented in Fig.   19 
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for the various injection rates and stations x = 10 inch and 14 inch. 

The correlation is quite good,   especially when taking cognizance of 

the fact that in some of the instances the ratio of maximum shear 

stress to wall  shear  stress is of the order of four.    Comparison 

is made on the figure with Von Karman and Deissler universal 

velocity distributions with better agreement to Deissler's profile. 

The defect-law variables are shown in Figs.  20 and 21 

based on maximum shear stress velocity.    A comparison is made 

with a velocity distribution suggested by Hinre  (4) for a boundary 

layer flow.    The experimental points all fall  slightly higher than 

the curve. 

Representation of normalized eddy viscosity distribution 

in the boundary layer is  shown on Figs.   22 and 23 for  station x = 10 

inches and 14 inches respectively.    The eddy viscosity which has 

the dimension of velocity times distance is normalized by the 

maximum shear stress velocity and the thickness of the boundary 

layer.    Inspection of the figures reveals that by using the maximum 

shear  stress velocity,   the correlation for the various injection rates 

is  far more difficult to achieve than if the wall  shear  stress value 

were used.     It is also of interest to note the good agreement with 

boundary layer flow without injection obtained by Hinze (4) using 

Klebanoff's data.    It is worth mentioning that if the wall shear stress 

velocity had been used instead of maximum shear stress velocity. 
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the scatter in the points would have been of the order of 100 per cent. 

Fig.  24 represents the ratio of the wall shear stress 

to that for no injection (or the corresponding friction coefficient 

ratio) as a function of normalized injection rate F.     The figure 

reveals that for an injection rate of only 2/10 of a per cent of the 

freestream flow rate the wall shear stress has been reduced by a 

factor of 3  (approximately).    Comparison is made with available 

experimental data. 

The shaded points,   which are data obtained for helium 

injection (2^),   and the data obtained by Smith (6) for injection through 

a flat plate  show favorable agreement with the pret.   nt investigation. 

However,   the data of Tewfik (5^) show much less  reduction in the 

wall  shear  stress value but are in good agreement to data by Olson 

and Eckert  (T) for uniform air injection into circular pipe flow. 

In order to correlate these data,   the reduction of the 

wall  shear stress value is represented in Fig.   25 as a function of 

the injection rate parameter, ^   •     This parameter occurs naturally 

in turbulent analysis,   and is two times the normalized injection  rate 

divided by maximum friction coefficient.    This brings the various 

experiments closer together.     The   lata by Olson and  Eckert (7) could 

not be compared with the  rest of the data due to the fact that the 

friction factor in a tube is defined in a different way from the friction 

factor for boundary layer flow. 
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The fractional difference between the maximum and 

wall values of the  shear stress is &.,< wn in Fig.   26 as a function of 

injection rate parameter.     Here again the data from the present 

investigation and those for helium injection fall higher than the 

rest of the presented data.    However,   there  seems to be a Reynolds 

number dependence for both the present data and for data of Smith 

(6).     In order to eliminate the Reynolds number dependence,   the same 

representation is presented in Fig.   27 versus the injection  rate 

parameter,    ^    ,   which is the normalized  injection  rate divided by 

the maximum friction coefficient.    This   seems to bring all the data 

points closer together.     Howev   r,   the data by Olson and Eckert 

(7) cannot be compared with the other  results due to the fact that 

the friction factor in a tube is defined differently from the boundary 

layer friction factor.    These results  show once again that the 

maximum value of the friction factor seems to be a better correlation 

factor than the wall  friction factor. 

The location of maximum  shear stress is  represented 

in Fig.   28 as a function of blowing rate parameter , 4 •    Once 

again,   a comparison is made with data available in the literature. 

It can be seen when compared with boundary layer flow with helium 

injection (2) that the agreement is favorable. 
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TABULATION OF EXPERIMENTAL RESULTS 

Run Schedule 

A-l through A-4 rh = 0 lbm/ft   -hr 

A-5 through A-8 m = 25 lbm/ft   -hr 

A-9 through A-12 rh = 60 lbm/ft   -hr 

x = 6,   10,  14,   18 inches 

rh = 25 lbm/ft   -hr 
x = 6,   10,   14,   18 inches 

rh = 60 lbm/ft   -hr 
x = 6,   10,   14,   18 inches 

SYMBOL LIST OVER TABLES 

Run Constants 

Xheta momentum thickness,   inches 

Delta* displacement thickness,  inches 

Delta velocity boundary layer thickness,    8 (.99),   inches 

:/sec U = U */ C,   IZ,    ft/ UTAU        oJv        f TAU        oo 
w 

Mass = p     v     - injection flux per square foot-hour 

p  _  _    v    /p   u     -  tneT«»ured,   "liniensionlesb 

ZETA = TIC II.   dimensionless 

C       =         •   dimensionless 
fw 1 2 -= p     u 

2 "oo   oo 
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